Nonenzymatic RNA polymerization in early life is likely to introduce backbone heterogeneity with a mixture of 2′-5′ and 3′-5′ linkages. On the other hand, modern nucleic acids are dominantly composed of 3′-5′ linkages. RNA polymerase II (pol II) is a key modern enzyme responsible for synthesizing 3′-5′-linked RNA with high fidelity. It is not clear how modern enzymes, such as pol II, selectively recognize 3′-5′ linkages over 2′-5′ linkages of nucleic acids. In this work, we systematically investigated how phosphodiester linkages of nucleic acids govern pol II transcriptional efficiency and fidelity. Through dissecting the impacts of 2′-5′ linkage mutants in the pol II catalytic site, we revealed that the presence of 2′-5′ linkage in RNA primer only modestly reduces pol II transcriptional efficiency without affecting pol II transcriptional fidelity. In sharp contrast, the presence of 2′-5′ linkage in DNA template leads to dramatic decreases in both transcriptional efficiency and fidelity. These distinct effects reveal that pol II has an asymmetric (strand-specific) recognition of phosphodiester linkage. Our results provided important insights into pol II transcriptional fidelity, suggesting essential contributions of phosphodiester linkage to pol II transcription. Finally, our results also provided important understanding on the molecular basis of nucleic acid recognition and genetic information transfer during molecular evolution. We suggest that the asymmetric recognition of phosphodiester linkage by modern nucleic acid enzymes likely stems from the distinct evolutionary pressures of template and primer strand in genetic information transfer during molecular evolution.
Nonenzymatic RNA polymerization in early life is likely to introduce backbone heterogeneity with a mixture of 2′-5′ and 3′-5′ linkages. On the other hand, modern nucleic acids are dominantly composed of 3′-5′ linkages. RNA polymerase II (pol II) is a key modern enzyme responsible for synthesizing 3′-5′-linked RNA with high fidelity. It is not clear how modern enzymes, such as pol II, selectively recognize 3′-5′ linkages over 2′-5′ linkages of nucleic acids. In this work, we systematically investigated how phosphodiester linkages of nucleic acids govern pol II transcriptional efficiency and fidelity. Through dissecting the impacts of 2′-5′ linkage mutants in the pol II catalytic site, we revealed that the presence of 2′-5′ linkage in RNA primer only modestly reduces pol II transcriptional efficiency without affecting pol II transcriptional fidelity. In sharp contrast, the presence of 2′-5′ linkage in DNA template leads to dramatic decreases in both transcriptional efficiency and fidelity. These distinct effects reveal that pol II has an asymmetric (strand-specific) recognition of phosphodiester linkage. Our results provided important insights into pol II transcriptional fidelity, suggesting essential contributions of phosphodiester linkage to pol II transcription. Finally, our results also provided important understanding on the molecular basis of nucleic acid recognition and genetic information transfer during molecular evolution. We suggest that the asymmetric recognition of phosphodiester linkage by modern nucleic acid enzymes likely stems from the distinct evolutionary pressures of template and primer strand in genetic information transfer during molecular evolution.
2′-5′ phosphodiester linkage | trigger loop | synthetic nucleic acid analogues T he remarkable capacity of RNA as the functional catalyst as well as the genetic information carrier provides a strong support for the RNA world hypothesis, in which RNA is proposed to play a key role in the early evolution of primitive life before DNA and protein (enzyme) evolved (1, 2) . One critical issue for RNA replication in early life is backbone heterogeneity because RNA contains both 2′-OH and 3′-OH, in which both can form phosphodiester bond during RNA polymerization. Indeed, previous studies revealed that nonenzymatic RNA replication would lead to a mixture of 2′-5′ and 3′-5′ linkages (Fig. 1A) (3) (4) (5) (6) (7) (8) (9) . The 2′-5′-linked nucleic acids can form duplex structures by themselves or by pairing with natural nucleic acids (10) (11) (12) (13) (14) (15) . The 2′-5′ linkage substitutions in some functional RNAs retain molecular recognition and catalytic properties (16) (17) (18) (19) . These discoveries suggested that the 2′-5′ linkage in nucleic acids could be an important alternative linkage during early evolution.
This backbone heterogeneity problem is largely eliminated during evolution. Modern nucleic acids are dominated by 3′-5′ linkages. The 2′-5′ RNA linkages are only present in a few specific processes. One example is the formation of lariat RNA intron during splicing, where the 2′-OH of an adenosine attacks the 5′ exon-intron junction to release the 5′ exon and form a lariat RNA containing both 3′-5′ and 2′-5′ linkages (20) (21) (22) . Another example is the generation of 2′-5′ oligomers of adenosine by 2′-5′-oligoadenylate synthetase (OAS) during the IFN antiviral response, which can in turn activate latent RNase (RNaseL) to degrade viral and cellular RNA and thus limit the viral infection (23, 24) . However, in the genetic information storage and transfer, the phosphodiester linkages of nucleic acids are unified in a 3′-5′ linked form. RNA polymerase II (pol II), an essential contemporary enzyme, is responsible for synthesizing precursor mRNA in all eukaryotic cells (25, 26) . All of these RNA transcripts contain the 3′-5′ linkage backbone. This result leads to several essential questions: How do contemporary enzymes, such as RNA pol II, selectively recognize the 3′-5′ linkages over the 2′-5′ linkages? How does this modern enzyme achieve high fidelity of phosphodiester linkage during the RNA polymerization reaction? As a contemporary enzyme, does RNA pol II still tolerate the phosphodiester linkage alteration (i.e., 2′-5′ linkage)? How would pol II transcription be affected when the phosphodiester linkage configuration of primer strand or template strand is changed? The answers to these questions remain elusive.
In this work, we systematically investigated how phosphodiester linkages of nucleic acids in the pol II active site govern the pol II transcription activity. Using site-specific alteration from a 3′-5′ to a 2′-5′ linkage configuration in either RNA or DNA, we quantitatively dissected the effects of phosphodiester linkage on pol II substrate incorporation, elongation, and proofreading. We also used the α-amanitin transcription inhibition assays to unveil the molecular mechanisms for pol II trigger loop conformational change upon the phosphodiester linkage alteration. Unexpectedly, we revealed strand-specific (asymmetric) contributions of 3′-5′ phosphodiester
Significance
The nonenzymatic RNA polymerization introduces backbone heterogeneity with a mixture of 2′-5′ and 3′-5′ linkages. RNA polymerase II (pol II) is a key modern enzyme responsible for synthesizing 3′-5′-linked RNA with high fidelity. It is unclear how pol II selectively recognizes the 3′-5′ over 2′-5′ linkage. Here, we systematically investigated how phosphodiester linkages of nucleic acids govern pol II transcriptional efficiency and fidelity. We revealed pol II has an asymmetric (strandspecific) recognition of phosphodiester linkage, which may reflect a universal principle of template-dependent genetic information transfer. Our results elucidate essential contributions of the phosphodiester linkage to pol II transcription and provide important understanding on nucleic acid recognition and genetic information transfer during molecular evolution.
linkage in ensuring effective and accurate transcription, which may serve as an inherent feature for template-dependent genetic information transfer. This study provided important understanding on the molecular basis of RNA pol II recognition of phosphodiester backbone as well as novel insights into genetic information storage and transfer during molecular evolution.
Results
To systematically dissect the role of phosphodiester linkage on RNA pol II transcription, we constructed a well-defined in vitro transcription system with canonical 3′-5′ linkage backbone (referred to as "wild-type" system) or the scaffold containing a sitespecific 2′-5′ phosphodiester linkage in either RNA primer or DNA template strand (referred to as "primer mutant" or "template mutant," respectively) (Fig. 1B) . Direct comparison of pol II transcription from the wild-type, primer linkage mutant, and template linkage mutant systems would allow us to quantitatively and systematically investigate the impact of the phosphodiester linkage alteration on pol II transcription. Such information gained from this defined system would also reveal the potential imprints of pol II as a contemporary RNA polymerase during phosphodiester linkage evolution from the RNA world.
Impact of the 2′-5′ Primer Linkage Mutant on pol II Transcription. We first investigated the impact of 2′-5′ phosphodiester linkage alteration at 3′-RNA primer terminus (between −1 and −2 position) on pol II transcription ( Fig. 2A) . As shown in Fig. 2B , the first nucleotide incorporation right after the 2′-5′ linkage RNA primer is greatly compromised (the boxed area in Fig. 2B, Right) . In contrast, pol II can extend efficiently from a wild-type RNA primer (Fig. 2B, Left) . We observed long RNA transcripts with prolonged incubation indicating that a 2′-5′ linkage in RNA primer is not an absolute blockage for pol II transcription and the rate limiting step for pol II elongation is the first nucleotide addition immediately after the 2′-5′ linkage.
We then quantitatively measured the effect of the 2′-5′ phosphodiester linkage alteration at 3′-RNA primer terminus on transcriptional efficiency by using pre-steady state single turnover incorporation assays. These assays allowed us to determine the kinetic parameters k pol (catalytic rate constant for substrate incorporation), K d,app (apparent substrate dissociation constant), and substrate specificity (k pol /K d,app , as a measurement of enzymatic efficiency). A single 2′-5′ linkage in the RNA primer leads to a 50-fold decrease in k pol , a 2.8-fold decrease in K d,app , and an ∼140-fold decrease in substrate specificity (k pol /K d,app ), in comparison with transcription from the wild-type scaffold ( Fig.  2C and Table 1 ). These results highlighted an important contribution of 3′-5′ linkage orientation in RNA primer to pol II transcriptional efficiency.
We further tested whether the transcriptional fidelity can be affected by the phosphodiester linkage alteration in the primer. Strikingly, we found that the phosphodiester linkage alteration in the RNA primer does not affect pol II transcriptional fidelity, although it does slow down both the matched ATP and mismatched UTP incorporation. As shown in Fig. 2D ] even in the presence of a 2′-5′ phosphodiester linkage in RNA primer.
To further investigate whether pol II can recognize the 2′-5′ phosphodiester linkage alteration in the RNA primer via backtracking and proofreading cleavage activity, we measured transcription factor IIS (TFIIS)-stimulated cleavage rates of pol II elongation complex containing either a wild-type RNA primer or a 2′-5′ RNA primer linkage mutant. Similar to the result from pol II elongation complex with wild-type RNA, we observed a very weak cleavage for pol II elongation complex with a 2′-5′ RNA primer linkage mutant (Fig. S1 ). This result implies that the majority of pol II elongation complex is resistant to TFIIS cleavage and located in a posttranslocation state despite the presence of a 2′-5′ phosphodiester linkage at its 3′-RNA terminus. The 2′-5′ phosphodiester linkage alteration in the primer does not affect pol II translocation. Taken together, we found out that substitution of a 3′-5′ linkage with a 2′-5′ linkage in RNA primer plays a negligible role in pol II transcriptional fidelity and pol II translocation.
Impact of the 2′-5′ Template Linkage Mutant on pol II Transcription.
To test the impact of the 2′-5′ linkage in template strand on pol II transcription, we first performed a runoff assay, which allows RNA pol II to elongate in the presence of all four NTPs (Fig.  3A) . As shown in Fig. 3B , RNA pol II is stalled near the 2′-5′ linkage site. In contrast, pol II can elongate along the wild-type template (3′-5′ linkage) and produce long transcripts. A single 2′-5′ linkage change in the template strand leads to three strong pausing sites during RNA pol II transcription, which refer to the 10-, 11-, and 12-mer products. RNA pol II can eventually bypass these pausing sites with prolonged incubation. To further confirm that all three pausing bands were directly caused by 2′-5′ linkage and not due to nucleotide misincorporation, we also performed transcription assays with the scaffolds containing primers with varied lengths that mimic stepwise bypass of the 2′-5′ linkage site in template strand (Fig. S2) . The results from these scaffolds revealed significant pausing and slow extension along the DNA template containing a 2′-5′ linkage. Taken together, all three pausing bands as observed in Fig. 3B are due to the presence of 2′-5′ linkage site.
To further quantitatively investigate the effects of the 2′-5′ linkage alteration in template on RNA pol II transcription, we assembled three scaffolds for kinetic studies, which are in correspondence with the three pausing sites shown in Fig. 3C (referred to as the 10A, 11A, and 12C scaffolds). The 10A scaffold mimics the state in which pol II encounters the 2′-5′ linkage site, whereas the 11A and 12C scaffolds refer to the following two consecutive bypass steps of the 2′-5′ linkage site. For the 10A scaffold, the capacity of nucleotide incorporation was greatly reduced for transcription from the 2′-5′ template linkage mutant comparing with that of the natural 3′-5′ linkage, with an ∼44-fold decrease in k pol , an approximately sixfold decrease in K d,app , and an ∼260-fold decease in substrate specificity. This linkage change can cause further effects on the following elongation beyond the 2′-5′ linkage position as revealed by 11A and 12C scaffolds ( Fig. 3D and Table S1 ). For the 11A scaffold, k pol was reduced by ∼70-fold, and k pol /K d,app was greatly decreased by over 1,200-fold. A similar pattern was observed for the 12C scaffold, where k pol /K d,app was reduced by ∼1,000-fold. Collectively, one single 2′-5′ linkage alteration in the template strand can cause three pausing sites during transcription, which can result in at least over 3 × 10 8 -fold of total decrease in pol II enzymatic specificity (k pol /K d,app ).
To further investigate the impact of 2′-5′ linkage in template strand on pol II transcriptional fidelity, we systematically and quantitatively dissected the three fidelity checkpoints: nucleotide incorporation, extension, and proofreading step, which also provide us with a comprehensive understanding on the role of correct phosphodiester linkage in the DNA template in ensuring pol II transcriptional fidelity.
For the first fidelity checkpoint step, nucleotide selection and incorporation, pol II discrimination power for the 2′-5′ template linkage mutant is greatly reduced by ∼500-fold. The discrimination of ATP over UTP drops from ∼10 5 for a wild-type template to ∼900 for the 2′-5′ template linkage mutant ( Fig. 4A and Table  S2 ). Such decrease in pol II fidelity is mainly caused by inefficient correct ATP incorporation on the 2′-5′ linkage template. The specificity constant of ATP incorporation is reduced by ∼260-fold due to linkage alteration, whereas that of the mismatched UTP incorporation remains essentially unchanged (approximately twofold difference). k pol of UTP incorporation on the 2′-5′ linkage template (0.13 ± 0.01 min ) is even ∼10-fold faster than that on the 3′-5′ linkage template (0.015 ± 0.003 min (Table S2) . To investigate the impact of 2′-5′ linkage in template on the extension step (second checkpoint), we used 11A and 11U scaffolds to evaluate subsequent extension after matched and mismatched 3′-RNA termini, respectively. Consistent with previous studies, the extension after a mismatched 3′-terminus 11U on the 3′-5′ wild-type DNA template is ∼10 5 less efficient than a matched 11A, which ensured the high transcriptional fidelity (Fig. 4B and Table S2 ). In sharp contrast, the specificity (k pol /K d,app ) of subsequent extension following 11A was greatly reduced by ∼1,200 fold for the 2′-5′ linked template in comparison with that from a wild-type 3′-5′ linked template, whereas the specificity constant for 11U extension on the 2′-5′ linkage is only about threefold lower than the extension on the 3′-5′ linkage ( Fig. 4B and Table S2 ). As a result, the discrimination power in the second checkpoint step sharply drops to (270 ± 60) for 2′-5′ linked template, which is ∼370-fold lower than that of the natural 3′-5′ linkage (Table S2) . 
The scaffolds with 2′-5′ linkage alteration are shown in Figs. 2A and 3C (10A scaffold), and depicted in Fig. 7 .
Similar to the first checkpoint step, the 2′-5′ linkage templateinduced transcriptional fidelity decrease in this extension step is also mainly attributed by a significant decrease in extension efficiency from the matched terminus rather than a mismatched terminus. We further measured TFIIS-stimulated cleavage rates to determine the impact of 2′-5′ linkage in template on pol II's proofreading ability (the third checkpoint step) (Fig. 4C) . The 2′-5′ linkage alteration in template greatly enhances the cleavage rate even for the fully matched 11A scaffold. The rate constant is about 16-fold faster than that of the wild-type scaffold ( Fig. 4C and Table S2 ). This result suggests that a 2′-5′ linkage in the template can be effectively recognized by pol II and promotes backtracking. For the mismatched 11U scaffold containing 2′-5′ linkage template mutant, the cleavage rate was only slightly faster than that of 11A scaffold containing 2′-5′ linkage template mutant. As a result, the presence of 2′-5′ linkage at template abolishes the discrimination capacity of pol II proofreading [preferential cleavage of mismatched terminus (11U) over matched terminus (11A)] with an ∼10-fold decrease (from ∼12 to ∼1.3) (Fig. 4C) . The presence of 2′-5′ linkage also affects the cleavage patterns by pol II (Fig. S3) . We observed a minor but detectable amount of n-1 cleavage product for the mismatched 11U scaffold containing 2′-5′ linkage template mutant (Fig. S3B, Right) , whereas no n-1 cleavage product was observed for the wild-type 11U scaffold with 3′-5′ linkage (Fig. S3A, Right) , suggesting the existence of a pol II pretranslocation state during proofreading for the mismatched 11U scaffold containing 2′-5′ linkage template mutant. In contrast, for the matched 11A scaffold, strong n-1 and n-2 products were observed for both wild type and template mutant (Fig. S3 A and B, Left) . Collectively, the linkage alteration from 3′-5′ to 2′-5′ linkage in template not only changes cleavage efficiency and fidelity but also causes different cleavage patterns.
In summary, the 2′-5′ linkage template mutant leads to a significant decrease in transcriptional fidelity for all three checkpoint steps. This is in sharp contrast with the impact of 2′-5′ linkage primer mutant on transcriptional fidelity. (29, 31, 32) . Recently, we have used α-amanitin and synthetic nucleotide analogs to profile the TL conformations (33) . As aforementioned, the 2′-5′ linkage alteration at either primer or template strand greatly affects the capacity of pol II for nucleotide selection and incorporation. We are interested in obtaining the mechanistic insights into the impact of 2′-5′ linkage on pol II transcription by investigating whether the conformation of TL is affected by the 2′-5′ linkage using α-amanitin transcription inhibition assay.
We first investigated effects of the 2′-5′ linkage primer mutant on TL conformation probed by α-amanitin (see the scaffold in Fig. 2A ). For the 3′-5′ wild-type system, we expected the TL to be closed during nucleotide incorporation and therefore the catalytic rate would sharply decrease with α-amanitin treatment. Indeed, the observed rate constant drops to 9.3 ± 0.4 min −1 , with an ∼80-fold decrease, which is consistent with the reported results (29, 33) . Strikingly, the 2′-5′ linkage alteration in the primer does not affect the TL conformation because there is an over 90-fold decrease in the rate constant, from 12 ± 1 min −1 to 0.13 ± 0.01 min
, with α-amanitin treatment (Fig. 5A) . The strong effect of α-amanitin in the system containing a 2′-5′ linkage primer mutant is comparable with that in the 3′-5′-linked primer (Fig. 5B) , indicating the TL is likely in a closed and active conformation even in the presence of a 2′-5′ linkage in RNA primer. This active TL ensures accurate nucleotide selection, which is consistent with the high transcriptional fidelity we observed in the pol II transcription from the 2′-5′ linkage primer mutant system (Fig. 2D) .
In sharp contrast, for the 2′-5′ linkage template mutant (scaffold 10A in Fig. 3C ), the incorporation rate was only slightly decreased by α-amanitin, varying from 11 ± 1 min −1 to 2.5 ± 0.1 min −1 , with approximately fivefold reduction (Fig. 5) , suggesting that the TL is open and has lost its ability to facilitate nucleotide incorporation opposite the 2′-5′ linkage template. This result suggests that a 2′-5′ linkage alteration in the template is sufficient to prevent the TL closure. This result is also consistent with low transcriptional fidelity in a 2′-5′ linkage DNA template mutant system (Fig. 4A) . In addition, the TL adopts an open conformation during incorporation of mismatched nucleotide for all these three types of scaffolds (Fig. S4) .
Discussion
The Impacts of Phosphodiester Linkage on pol II Transcription Are Strand-Specific. Here we systematically investigated the impact of 2′-5′ phosphodiester linkage substitution on pol II transcriptional efficiency, fidelity, and trigger loop conformations. Strikingly, we revealed that the impacts of phosphodiester linkage on pol II transcription are strand-specific.
The 2′-5′ linkage substitution in the primer strand causes a single strong pausing site immediately after the 2′-5′ linkage, with an ∼150-fold reduction of pol II transcription efficiency (Table 1 ). In contrast, the 2′-5′ linkage substitution at the template strand leads to three consecutive strong pausing sites, with a total of ∼3 × 10 8 -fold decrease in pol II enzymatic specificity (k pol /K d,app ) ( Table 1 and Table S1 ). In both cases, we observed the bypass of long RNA transcripts with prolonged incubation, indicating that the 2′-5′ linkage is not an absolute blockage for pol II transcription. Similarly, early studies revealed that DNA polymerase I and HIV reverse transcriptase can also read through 2′-5′-linked templates (34, 35) .
Further investigations of the impact of the phosphodiester linkage on pol II transcriptional fidelity also reveal a striking strandspecific pattern. We found that a 2′-5′ linkage substitution in the primer strand does not affect overall pol II transcriptional fidelity (Table 1) . In sharp contrast, a 2′-5′ linkage substitution in the template strand causes a remarkable decrease in pol II transcriptional fidelity (total ∼10 6 -fold decease) during all three fidelity checkpoint steps (Table 1 and Table S2) .
To obtain mechanistic insights into how phosphodiester linkage alteration affects RNA pol II transcription, we probed the TL conformation profile upon linkage change using α-amanitin transcription inhibition assay. Again, here we reveal a striking strand-specific pattern of the impact of the phosphodiester linkage alteration on pol II TL conformation profile. We found that TL can still achieve a closed conformation (sensitive to α-amanitin treatment) for the 2′-5′ linkage primer strand mutant. In sharp contrast, TL remains in an open conformation (resistant to α-amanitin treatment) for the 2′-5′ linkage template strand mutant.
The strand-specific pattern of TL conformation profile for primer and template linkage substitution are well correlated with the strand-specific pattern of pol II transcriptional fidelity. The closure of TL is critical for pol II catalytic activity as well as transcriptional fidelity (27) (28) (29) (30) (36) (37) (38) (39) . For the wild-type 3′-5′ linkage system, the high transcriptional fidelity is due to pol II's capacity to incorporate matched NTP in a fast and TL-dependent manner (in which TL can achieve a closed conformation during nucleotide addition process) and incorporate mismatched NTP in a slow and TL-independent manner (in which TL remains at an open conformation during nucletotide addition). Similarly, for the system with a 2′-5′ linkage substitution in the primer strand, pol II maintains its capacity to incorporate matched NTP in a relatively fast and TL-dependent manner and incorporate mismatched NTP in a slow and TL-independent manner, which results in high transcriptional fidelity. In contrast, for the system with a 2′-5′ linkage substitution in the template strand, the pol II TL is unable to reach a closed conformation, and pol II incorporates both matched and mismatched NTP in a TL-independent manner, which results in low transcriptional fidelity.
To understand how the 2′-5′ phosphodiester linkage substitution would accommodate at pol II active site, we super- imposed the structure of pol II elongation complex (PDB: 2E2H and 2E2J) (28) with recent duplex structures containing a 2′-5′ linkage (PDB: 4MSB or NMR structure) (12, 40, 41) . We found that 2′-5′ linkage in the primer strand only locally distorts the RNA terminus at −1 position (Fig. 6A) . The incoming nucleotide can still pair with the template base in the canonical position, which can trigger the TL closure. The distortion induced by 2′-5′ linkage increases the distance between 3′-OH and alpha phosphate of incoming NTP, resulting in a decrease of catalytic rate in comparison with the wild-type 3′-5′ linkage system. In contrast, the substitution of a 2′-5′ linkage in template strand would rotate and shift the template bases (Fig. 6B ) and in turn push the incoming NTP away from its canonical binding site. As a result, the NTP is misaligned with RNA primer and prevents TL from closing. Hence, the transcription rate is significantly reduced. Future structural studies will reveal the molecular details of how the 2′-5′ phosphodiester linkage substitution would accommodate at pol II active site.
Collectively, the distinct impacts of 2′-5′ phosphodiester linkage substitution on pol II transcriptional efficiency, fidelity, and TL conformation are depicted in Fig. 7 . For the wild-type 3′-5′ linkage, pol II can read through DNA template and synthesize RNA via a fast and high transcriptional fidelity manner. The pol II transcription is TL-dependent for correct NTP addition (Fig.  7A) . The 2′-5′ linkage substitution at the RNA primer modestly reduces transcriptional efficiency but maintains high transcriptional fidelity. The pol II transcription in this mutant system is TL-dependent (Fig. 7B) . In contrast, the 2′-5′ linkage substitution in the DNA template reduced both transcriptional efficiency and fidelity as TL remained open during pol II transcription (Fig. 7C) .
Insights into Molecular Evolution of Phosphodiester Linkage
Recognition. The 2′-5′ linkage is an alternative form of nucleic acid backbone in addition to the 3′-5′ linkage during molecular evolution (42, 43) . Previous studies have demonstrated that a mixture of 2′-5′ and 3′-5′ phosphodiester linkage can be obtained during nonenzymatic RNA replication, suggesting a high probability of mixture of phosphodiester linkages in the early evolution of life (3) (4) (5) (6) (7) (8) (9) . It is conceivable that RNA in early evolution of life may have contained a mixture of 2′-5′ and 3′-5′ phosphodiester linkages. Such backbone heterogeneity may be tolerated by enzymes in the early evolutionary stage of life.
On the other hand, pol II represents the other end of the evolutionary spectrum. It is an advanced enzyme that has specifically evolved based on modern 3′-5′-linked nucleic acid scaffold. Our results provide striking insights into how pol II, as a contemporary enzyme, has evolved to recognize these key structural features of natural nucleic acids. Surprisingly, we found that pol II has a striking strand-specific recognition pattern of phosphodiester linkage. Pol II is very tolerant of a 2′-5′ linkage substitution in primer strand. In sharp contrast, a 2′-5′ linkage substitution in template strand leads to a catastrophic effect on both transcriptional efficiency and fidelity. We are tempted to speculate that the reason for this asymmetric pattern of linkage discrimination may reflect a universal principle of template-dependent genetic information transfer: the template strand and primer strand share distinct roles in supporting template-dependent genetic information transfer. The template strand plays a vital role in genetic information transfer. It provides both genetic coding instruction and structural scaffold support in selecting and positioning the correct incoming NTP through hydrogen bonding, size and shape recognition as well as base stacking. In contrast, the primer strand plays a much minor role. It stabilizes the incoming NTP mainly by base stacking and aligns its terminal hydroxyl group poised for attacking the alphaphosphate of NTP. Thus, the penalty of 2′-5′phosphodiester linkage in the template strand is significantly higher than that in the primer strand, requiring high evolutionary pressure for evolving enzyme to recognize the desired phosphodiester linkage in the template strand. Therefore, although we fully acknowledge the huge benefits of evolving DNA dedicated for genetic information storage, we speculate that avoiding the high penalty of backbone heterogeneity during genetic information transfer could also be one of the many reasons to evolve DNA from RNA to eliminate 2′-5′phosphodiester linkage in the template strand. Recent discovery of high level of ribonucleotide incorporation in the DNA template (44, 45) suggests that the evolutionary route from a RNA world to a perfect DNA-RNA-protein world is not yet complete.
Although RNA pol II has evolved to possess a strong built-in ability to recognize the 3′-5′ linkage, the bypass of the 2′-5′ linkage still implies tolerance to linkage alteration to some extent. This seems like a common feature for other nucleic acid enzymes (34, 35) . These results motivate us, as a future direction, to explore a systematic comparative study of polymerases at different evolutionary stage, which may exhibit a different spectrum of tolerance to 2′-5′ linkage. Indeed, a recent study (46) revealed that oligoadenylate synthetases from the phylogenetically oldest metazoan phylum, Porifera, are able to catalyze formation of oligomers having both 2′-5′ and 3′-5′ linkages, suggesting the existence of a link between primitive (linkage-tolerant) and evolutionarily advanced nucleic acid enzymes (linkage-specific). Future comparative studies of nucleic acid enzymes from different evolutionary stage would give us a clue on how phosphodiester backbone was evolved from a mixture of 2′-5′ linkage and 3′-5′ linkage in early stages of evolution to a dominant 3′-5′ linkage in our modern world, in a similar way as current comparative population genetics that allow us to trace back to the possible migration routes of our ancestors out of Africa.
Key Structural Features Governing pol II Transcriptional Efficiency
and Fidelity. Finally, our findings also revealed the key contribution of the 3′-5′ phosphodiester linkage backbone on pol II transcriptional efficiency and fidelity. Previous studies on molecular recognition of RNA pol II have focused on the contributions of functional groups in nucleic acids, such as nucleotide bases, 2′-and 3′-OH of ribose (28) (29) (30) (47) (48) (49) (50) . Recently, we used synthetic nucleic acid analogs to reveal the importance of chemical interactions and the intrinsic structural features of nucleic acids in controlling pol II transcriptional fidelity. To this end, we revealed the distinct contributions of hydrogen bonds between nucleobases in controlling individual fidelity checkpoint steps using hydrogen bond-deficient nucleotide analogues (51) . Recently, we revealed that the sugar backbone is a dominant factor in controlling all three fidelity checkpoint steps of pol II transcriptional fidelity using sugar-ring disrupted mutant (52) . Our work herein revealed asymmetric roles of the phosphodiester linkage in RNA primer and DNA template in maintaining pol II's high transcriptional fidelity and efficiency. A general theme from these studies is to use synthetic nucleic acid chemistry to chemically modify the specific functional groups or motifs of nucleic acids. This chemical mutation approach allows us to systematically dissect the individual roles of chemical interactions and intrinsic structural motifs of nucleic acids in controlling pol II transcriptional fidelity, which cannot be achieved by conventional biochemical and genetic approaches (50) (51) (52) (53) .
Materials and Methods
Materials. RNA pol II was purified from Saccharomyces cerevisiae as previously described (28, 54) . The DNA template and nontemplate oligonucleotides were purchased from Integrated DNA Technologies. RNA primers were purchased from TriLink Biotechnologies and radiolabeled using [γ- 32 P] ATP and T4 Polynucleotide Kinase (NEB). The 2′-5′-linked oligos were gel purified and purchased from Gene Link Inc. The pol II elongation complexes for transcription assays were assembled using established methods (51, 55) .
In Vitro Transcription Assays. The pol II elongation complexes for transcription assays were assembled using established methods (51, 55) . Briefly, an aliquot of 5′-32 P-labeled RNA was annealed with a 1. An aliquot of annealed scaffold of RNA/DNA was then incubated with a fourfold excess amount of pol II at room temperature for 10 min to ensure the formation of a pol II elongation complex. The pol II elongation complex is ready for in vitro transcription upon mixing with equal volumes of NTP solution of various concentrations. The quenched products were analyzed by denaturing PAGE and visualized using a storage phosphor screen and Pharos FX imager (Bio-Rad).
Single Turnover Nucleotide Incorporation Assays. The assay was carried out as previously described (51, 55) . Briefly, nucleotide incorporation assays were conducted by preincubating 50 nM scaffold with 200 nM pol II for 10 min in elongation buffer at 22°C. The preincubated enzyme:scaffold complex was then mixed with an equal volume of solution containing 40 mM KCl, 20 mM Tris·HCl (pH = 7.5), 10 mM DTT, 10 mM MgCl 2 , and twofold concentrations of various nucleotides. Final reaction concentrations after mixing were 25 nM scaffold, 100 nM pol II, 5 mM MgCl 2 , and various nucleotide concentrations in elongation buffer. Reactions were quenched at various times by addition of one volume of 0.5 M EDTA (pH = 8.0).
TFIIS Cleavage Assays. Recombinant TFIIS was purified as described (51, 55) . Cleavage reactions were performed by preincubating pol II with various scaffolds as previously described with slight modification. The solution was then mixed with an equal volume of solution containing TFIIS and MgCl 2 in elongation buffer. Final reaction conditions were 100 nM pol II, 25 nM scaffold, 1.5 μM TFIIS, and 5 mM MgCl 2 . Reactions were quenched at various time points by addition of one volume of 0.5 M EDTA (pH = 8.0). Products were separated by denaturing PAGE as described above.
Inhibition Assays of α-Amanitin. In these assays, we used high concentration of α-amanitin (500 mg/L) to make sure that the trigger loop of pol II was fully inhibited (29, 33) . Briefly, the transcriptional scaffolds were preincubated with a fourfold amount of pol II at room temperature for 5 min before addition of α-amanitin. The mixture was then allowed to be further incubated for another 5 min before activation by NTPs. Final reaction conditions were 100 nM pol II, 25 nM scaffold, 500 mg/L α-amanitin, and 1 mM NTP. Reactions were quenched at various time points by addition of one volume of 0.5 M EDTA (pH = 8.0). Products were separated by denaturing PAGE as described above.
Data Analysis. Nonlinear-regression data fitting was performed using Prism 6. The time dependence of product formation was fit to a one-phase association, Eq. 1 to determine the observed rate (k obs ). The substrate concentration dependence was fit to a hyperbolic Eq. 2 to obtain values for the maximum rate of NTP incorporation (k pol ) and apparent K d (K d,app ) governing NTP binding essentially as described (Fig. S5 ).
Product = Ae ðÀkobs tÞ + C [1]
The specificity constant was determined by k pol /K d,app . Discrimination was calculated as the ratio of specificity constants governing two different nucleotide incorporation events as described (51, 55) .
